Abstract Purpose: Impaired microvascular perfusion in sepsis is not treated effectively because its mechanism is unknown. Since inflammatory and coagulation pathways cross-activate, we tested if stoppage of blood flow in septic capillaries is due to oxidant-dependent adhesion of platelets in these microvessels. Methods: Sepsis was induced in wild type, eNOS
, and gp91phox -/-mice (n = 14-199) by injection of feces into the peritoneum. Platelet adhesion, fibrin deposition, and blood flow stoppage in capillaries of hindlimb skeletal muscle were assessed by intravital microscopy. Prophylactic treatments at the onset of sepsis were intravenous injection of plateletdepleting antibody, P-selectin blocking antibody, ascorbate, or antithrombin. Therapeutic treatments (delayed until 6 h) were injection of ascorbate or the glycoprotein IIb/IIIa inhibitor eptifibatide, or local superfusion of the muscle with NOS cofactor tetrahydrobiopterin or NO donor S-nitroso-N-acetylpenicillamine (SNAP). Results: Sepsis at 6-7 h markedly increased the number of stopped-flow capillaries and the occurrence of platelet adhesion and fibrin deposition in these capillaries. Platelet depletion, iNOS and gp91phox deficiencies, P-selectin blockade, antithrombin, or prophylactic ascorbate prevented, whereas delayed ascorbate, eptifibatide, tetrahydrobiopterin, or SNAP reversed, septic platelet adhesion and/or flow stoppage. The reversals by ascorbate and tetrahydrobiopterin were absent in eNOS -/-mice. Platelet adhesion predicted 90% of capillary flow stoppage. Conclusion: Impaired perfusion and/or platelet adhesion in septic capillaries requires NADPH oxidase, iNOS, P-selectin, and activated coagulation, and is inhibited by intravenous administration of ascorbate and by local superfusion of tetrahydrobiopterin and NO. Reversal of flow stoppage by ascorbate and tetrahydrobiopterin may depend on local eNOSderived NO which dislodges platelets from the capillary wall.
Introduction
Severe sepsis is a systemic inflammatory response in which impaired microvascular perfusion precipitates organ failure and death [1] . Impaired perfusion is seen as increased number of stopped-flow capillaries and decreased number of perfused capillaries [2] . The impairment increases the diffusion distance for oxygen to parenchymal cells, leading to tissue hypoxia and organ failure [3, 4] . Septic impairment of capillary blood flow has been visualized in animal organs by intravital microscopy [2, 5] and in human tissues by orthogonal polarization spectral imaging and sidestream dark-field imaging [6, 7] . Despite the prevalence of capillary flow impairment and its importance in determining the clinical outcome of sepsis [6] , the mechanisms of this impairment are unknown [8] .
Intravascular coagulation in sepsis [9, 10] could be a contributory mechanism. Inflammatory and coagulation pathways cross-activate [11] , including initiation of coagulation and activation of platelets by lipopolysaccharide (LPS) and inflammatory cytokines [11, 12] , as well as augmentation of inflammation by activated platelets [13] [14] [15] [16] [17] . Therefore, sepsis-induced platelet adhesion to capillary endothelium, platelet aggregates, and/or subsequently formed microthrombi could plug capillaries. To our knowledge, there is no report addressing this possible mechanism. The overall aim of the present study was to use high-resolution intravital microscopy to examine in ''real time'' platelet adhesion and microthrombi formation in septic capillaries. The study had two specific objectives. First, we used treatments known to affect platelet and coagulation functions to establish the role of these functions in blood flow stoppage in septic capillaries. Second, we manipulated the production of reactive oxygen species (ROS) and nitric oxide (NO) in the microvasculature to determine if the role of platelets in septic blood flow stoppage is oxidantand NO-dependent. We discovered that platelet adhesion co-localized with fibrin deposition in septic capillaries contributes critically to blood flow stoppage.
Methods
Details of animal preparation, intravital microscopy, and biochemical and blood platelet count analyses are given in the ''Electronic supplementary material''. We used a fluid resuscitated model of polymicrobial sepsis in male wild type, eNOS
, and gp91phox
-/-mice injected with feces into the peritoneum (FIP). For controls, we used naive or sham mice (saline-injected intraperitoneally). At 6-7 h post-FIP, the extensor digitorum longus (EDL) muscle was prepared for intravital microscopy to determine the percentage of stopped-flow capillaries, the number of adhering platelets and leukocytes per millimeter of capillary length, and the percentage of fibrin-containing capillaries. Capillary blood flow impairment in the EDL muscle is established at 6-7 h post-FIP [18] .
Experimental design
Role of platelet and coagulation functions in blood flow stoppage
We studied septic mice with lactate above 1 mmol/L at 6-7 h post-FIP. To determine if platelets are required for blood flow stoppage in septic capillaries, mice were injected intravenously with platelet-depleting antibody at 0.5 h post-FIP (5 lL/mouse), P-selectin blocking antibody (2 mg/kg in 0.1 mL saline, time 0), or control immunoglobulin (2 mg/kg). P-selectin is a key adhesion protein mediating platelet-endothelial interaction [21] . To examine the role of activated coagulation, mice were injected intravenously with antithrombin (250 U/kg, 0.5 h), a glycoprotein IIb/IIIa inhibitor, eptifibatide (180 lg/kg, 6 h), or saline. Thrombin and glycoprotein IIb/IIIa are required for fibrin and thrombus formation [22] . Finally, to assess the thrombogenic potential of the septic capillary bed at 6 h, we flooded the EDL muscle with FeCl 3 solution (50 mmol/L in saline, 0.1-mL volume, 5 min) and then examined capillary blood flow. Topical application of FeCl 3 is a conventional approach to assess thrombosis in microvessels [23] .
Roles ROS and NO in platelet adhesion in the septic capillary bed
To examine the role of ROS, mice were injected intravenously with the antioxidant ascorbate (10 mg/kg; freshly dissolved, 0 or 6 h) or saline. Alternatively, we used mice with genetically deleted gp91phox, a subunit of NADPH oxidase (major source of ROS in septic microvasculature [24] ). To assess the role of iNOS-derived NO, we used iNOS -/-mice. To examine the role of local NO available near capillaries, we flooded the EDL muscle with the NOS cofactor tetrahydrobiopterin (BH 4 ; 0.1 lmol/L, in repeated 0.1-mL bolus applications over 1 h), the NO donor S-nitroso-N-acetylpenicillamine (SNAP; 5 lmol/L in one 0.1-mL bolus), decomposed SNAP, or saline. The glass coverslip normally covering the muscle surface was slightly lifted to permit introduction of the bolus between the muscle surface and coverslip. To determine if the effects of ascorbate and BH 4 treatments were eNOS-dependent, ascorbate/BH 4 treatments were done in eNOS -/-mice.
Statistics
Data are presented as mean ± SE; n indicates the number of mice (one muscle/mouse). Data were analyzed by student t test or ANOVA followed by Bonferroni multiple comparisons test. Significance was assigned as p \ 0.05.
Results
Role of platelet and coagulation functions in blood flow stoppage Sepsis markedly increased blood flow stoppage in capillaries ( Fig. 1 ; control data in naive and sham-injected mice did not differ, and were therefore pooled here). No stoppage was seen in arterioles or venules. Sepsis also markedly increased platelet adherence and fibrin deposition in capillaries (Fig. 1) . We observed single-adhering platelets and aggregates up to five platelets. Platelets adhered in stopped-flow capillaries (4.5 ± 1.0, n = 7) rather than in perfused capillaries (0.2 ± 0.1 platelets/ mm, n = 7). The number of adherent leukocytes in capillaries was negligible (not different from zero in control and septic mice, ''Electronic supplementary material'').
Formed fibrin occurred only in stopped-flow capillaries; none was seen in arterioles/venules. We also determined platelet adhesion specifically in capillaries with formed fibrin. Platelet adhesion in these specific septic capillaries was more extensive (3.6 ± 0.8 platelets/mm, n = 4) than adhesion in any septic capillaries (1.6/mm, Fig. 1 ), confirming that septic platelet adhesion and fibrin deposition occurred in the same capillaries. Platelet-depleting antibody dramatically lowered serum platelet counts in control (from 850 ± 50 to 40 ± 20) and septic mice (610 ± 40 to 60 ± 20 9 10 9 /L) (n = 8-13). In septic mice, the antibody decreased the abundance of stopped-flow capillaries (41 ± 2 to 28 ± 2%, p \ 0.05, n = 16, 12, respectively), implicating platelets in septic impairment of capillary flow.
P-selectin blockade, antithrombin, and eptifibatide significantly reduced platelet adhesion and blood flow stoppage in septic capillaries (Fig. 2 ), indicating that P-selectin and coagulation activation were required for this adhesion/stoppage. Injection of control immunoglobulin or saline did not affect septic adhesion/stoppage (data not shown). Finally, topical FeCl 3 stopped flow more extensively in septic than control capillaries (Fig. 3) , suggesting that sepsis increased the propensity of microthrombi formation in capillaries. Role of ROS and NO Prophylactic injection of ascorbate, or gp91phox deletion, prevented platelet adhesion and flow stoppage in septic capillaries (Fig. 4) . Moreover, delayed injection of ascorbate reversed septic adhesion/stoppage (Fig. 5) . These latter effects were eNOS-dependent, since they were absent in eNOS -/-mice (Fig. 5) . BH 4 and NO donor SNAP at 6-7 h significantly reduced septic platelet adhesion and flow stoppage (Fig. 6, top) . Decomposed SNAP or saline did not affect septic flow stoppage (data not shown). The reversal effects of BH 4 were eNOS-dependent, since they were absent in eNOS -/-mice (Fig. 6) . Consistently, the effects of SNAP did not depend on eNOS (Fig. 6) . eNOS knockout did not affect blood flow stoppage and platelet adhesion in septic capillaries (Fig. 5) , but iNOS knockout inhibited platelet adhesion (Fig. 6, bottom) . Flow stoppage in control gp91phox
, and iNOS -/-mice (data not shown) was not statistically different from that of control wild type mice (Fig. 1) .
Discussion
The present study addressed the mechanism of blood flow stoppage in septic capillaries. We report for the first time that (1) sepsis markedly increases platelet adhesion, fibrin -/-mice, *Difference from sepsis group, p \ 0.05, n = 6-17 for adhesion groups, and 8-16 for stopped-flow groups deposition, and propensity of thrombosis in capillaries; (2) capillary flow stoppage requires platelets, P-selectin, and coagulation activation; and (3) capillary platelet adhesion can be prevented or reversed by gp91phox and iNOS deficiencies, ascorbate, and local BH 4 and exogenous NO.
In the present study, platelets adhered in septic capillaries and septic venules as well [25] . However, unlike in capillaries, adhering platelets in venules were not associated with fibrin deposition or stopped blood flow, indicating that rheological findings in larger microvessels cannot be extended to capillaries. In view of negligible leukocyte adhesion observed in capillaries, we sought leukocyteindependent mechanism(s) of capillary plugging in sepsis.
Possible mechanisms could be platelet activation, aggregation, and subsequent critical narrowing/plugging of the capillary lumen by adhering platelets [13, 17] , or plugging by adhering platelets and formed microthrombi within the capillary. LPS and inflammatory cytokines increase expression of P-selectin and von Willebrand factor on endothelial cells to initiate platelet adhesion [12, 26] . LPS and cytokines also increase tissue factor expression at the cell membrane of monocytes and endothelial cells [11] , initiating coagulation. The present data are consistent with the mechanism of platelet adhesion and microthrombi formation. Sepsis increased platelet adhesion in capillaries, whereas platelet depletion and blockade of P-selectin significantly reduced septic blood flow stoppage (Fig. 2) . Sepsis-induced platelet iNOS -/-wt Fig. 6 Effects of tetrahydrobiopterin (BH 4 ) and NO donor SNAP on platelet adhesion and blood flow stoppage in capillaries of wild type and eNOS -/-mice (top), and effect of iNOS knockout on adhesion/stoppage (bottom). At 6 h, 0.1-mL boluses of BH 4 (repeated over 1 h period) flooded the muscle surface to determine platelet adhesion and flow stoppage at 7 h post-FIP. Alternatively, a single 0.1-mL bolus of SNAP flooded the surface, and platelet adhesion and stoppage were determined 15 min later (when the temporary SNAP-induced vasodilation had ended). BH 4 reversed platelet adhesion and flow stoppage in septic capillaries of wild type but not eNOS -/-mice. SNAP reversed platelet adhesion and flow stoppage in both types of mice. iNOS knockout inhibited septic platelet adhesion at 6 h post-FIP. *Difference from appropriate sepsis group, p \ 0.05, n = 5-10 for adhesion groups, and 5-16 for stopped-flow groups in top row, and 6 and 10 for adhesion, and 6 and 10 for stopped-flow groups at bottom, respectively adhesion and fibrin deposition were seen to co-localize in stopped-flow capillaries, while anticoagulants decreased septic platelet adhesion and flow stoppage in capillaries (Figs. 1, 2) .
In critically ill patients, a 30% drop in platelet count independently predicts death [27] . In the present study, a comparable 28% drop occurred in septic mice. Since the life span of platelets is longer than 6 h [28], we hypothesize that most of this platelet consumption is due to platelet adhesion in the microcirculation. To estimate how platelet adhesion in capillaries predicts septic blood flow stoppage, we used the present data to plot the mean values of stopped-flow capillaries (%) versus values of platelet adhesion per millimeter (''Electronic supplementary material''). The plot showed significant linear correlation, indicating that platelet adhesion in capillaries predicts *90% of capillary blood flow stoppage. If decreased platelet count were due to platelet adhesion in capillaries, then the 28% drop implicates a substantial plugging of the capillary bed (e.g., 40% plugging in skeletal muscle).
Role of ROS and NO in septic capillaries
We showed that sepsis increases ROS production in mouse skeletal muscle [29] and that septic capillary blood flow impairment depends on NADPH oxidase [18] . ROS promote expression of P-selectin at the surface of platelets and endothelial cells, and enhance platelet adhesion to the endothelium and coagulation [11, 30, 31] . Our data are consistent with ROS-mediated blood flow stoppage due to enhanced platelet adhesion in capillaries. The antioxidant ascorbate and gp91phox knockout prevented/reversed septic platelet adhesion and flow stoppage (Figs. 4, 5 ) (an effect consistent with ascorbate's ability to significantly improve septic mouse survival at 24 h) [18, 29] .
Recently we proposed that increased ROS level in sepsis oxidizes the eNOS cofactor BH 4 , uncouples eNOS in platelets and endothelial cells, and thus stops NO production in these cells [18] . Because low physiological levels of NO are anti-aggregatory and anti-adhesive [31] , uncoupled eNOS promotes platelet adhesion/aggregation and flow cessation in capillaries. The present data are consistent with this proposed mechanism. BH 4 or NO applied locally reversed platelet adhesion and flow stoppage in septic capillaries (Fig. 6) . Further, the beneficial effects of ascorbate and BH 4 were eNOS-dependent (Figs. 5, 6 ).
Knockout of iNOS reduced septic platelet adhesion (Fig. 6, bottom) , suggesting that iNOS-derived NO is proadhesive. At first glance, this result contradicts the beneficial effect of local NO (Fig. 6, top) . To reconcile these observations, we note that iNOS enzymatic activity is negligible in the mouse skeletal muscle at 6 h of sepsis [18] and hypothesize that (1) iNOS activity is higher in other septic tissues and (2) NO overproduction here could promote platelet adhesion in the skeletal muscle. Excess NO could react with superoxide, form peroxynitrite [31] , and lead to activation/priming of blood-borne platelets to adhere in tissues. The apparent opposing effects of NO (Fig. 6 ) underscore the complex role NOS/NO may play during sepsis [32, 33] .
Methodological limitations
The use of the platelet-depleting antibody to study the role of platelets in septic blood flow stoppage was problematic. Both control and septic mice injected with the antibody were noticeably sicker than their non-injected counterparts (mice hunched in the cage, had erected fur, and did not respond to tactile stimuli). Further, the antibody significantly increased (40%) capillary flow stoppage in control mice. Consistent with reported increased mortality in mice by platelet-depleting antibody [34] , the present deleterious effects of the antibody on animal health might have obscured the full beneficial effect of platelet depletion against septic capillary flow stoppage in skeletal muscle.
Finally, the present value of adherent platelets per millimeter in sepsis may underestimate the actual platelet adherence, since plugged septic capillaries may not permit plasma flow and detection of platelets with a fluorescent dye. Capillary obstructions could also limit the full impact of agents injected at 6 h on platelet adhesion and blood flow stoppage studied at 7 h.
In conclusion, we demonstrated that polymicrobial sepsis increases platelet adhesion and fibrin deposition in capillaries and that septic impairment of capillary blood flow requires platelet adhesion, P-selectin, and activated coagulation. Since platelet adhesion and capillary flow impairment can be inhibited by the antioxidant ascorbate and exogenous NO, administration of ascorbate and/or NO donors to attenuate platelet accumulation in septic capillaries is an important consideration for future development of novel adjuvant therapies for sepsis.
